Executive control functions (ECFs) have become an important topic in the cognitive sciences in the past 40 years. The number of publications has steadily increased, and in the last decade, studies have been conducted in one of the best models of human cognition: the old-world macaque monkey. Here, we review recent studies in the monkey that have contributed to our understanding of the neuronal implementation of ECFs, with a focus on task-switching paradigms. These paradigms have revealed that ECFs are distributed across both the parietal and frontal lobes.
Executive control functions (ECFs) have become an important topic in the cognitive sciences in the past 40 years. The number of publications has steadily increased, and in the last decade, studies have been conducted in one of the best models of human cognition: the old-world macaque monkey. Here, we review recent studies in the monkey that have contributed to our understanding of the neuronal implementation of ECFs, with a focus on task-switching paradigms. These paradigms have revealed that ECFs are distributed across both the parietal and frontal lobes.
The benefits of animal studies of executive control functions Executive control functions (ECFs) are responsible for the integration of information from multiple separate cognitive functions to plan and support goal-directed behavior (Box 1). ECFs are studied in various research fields, especially in psychiatry and neuropsychology [1] , experimental psychology [2] and human cognitive neuroscience [3] . Various models have been proposed, some purely functional and others addressing anatomical instantiation in detail [4] [5] [6] . These models are inspired largely by human research and often highlight the role of the prefrontal cortex (PFC).
Unfortunately, there are limits to what can be gleaned from research using human subjects. We can study behavior, electroencephalograms, neuropathology and regional brain metabolism in humans, but techniques that address neural processing at high spatial and temporal resolution are best suited to animal studies (Box 2). Higher spatial resolution reveals, for example, that the prefrontal and posterior parietal cortical lobules are not unitary structures, but instead comprise multiple regions with diverse functions. These techniques can also reveal the fine details of neuronal computations on the time scale at which cognition takes place, without sacrificing fine spatial resolution.
This review focuses on the unique contributions that monkey research can make to understanding the neurocognitive implementation of ECFs, and in particular on two crucial issues. At the highest level of control, it is necessary to maintain a representation of the task in which one is currently engaged. To switch to a new task, the current task representation must be replaced with a new representation. Several paradigms are commonly used to study task representation and switching between tasks. The Wisconsin card sorting task (WCST) and the taskswitching paradigm were designed to address these issues, and we concentrate on studies that use animal-appropriate variations of these tasks. Behavioral planning, another high level ECF, has been recently reviewed elsewhere [7] .
Neuronal correlates of task context
The most frequently used paradigm in the study of human ECF is the WCST (Box 3). It has been successfully adapted for neuropsychological research in monkeys [8] [9] [10] [11] [12] . Tanaka's [13] laboratory was among the first to demonstrate that the monkey can learn the adapted WCST. Monkeys were seated behind a touch-sensitive projection screen, and to get a reward they needed to touch one out of three stimuli that matched either the color or the shape of a centrally presented stimulus (Figure 1a) . In a subset of trials, 'conflict' was introduced by providing a distractor stimulus that matched the central stimulus according to the incorrect rule. The color or shape rule was maintained for at least 40 trials. A change in the rule was signaled by error feedback (lack of reward).
Single-neuron recordings (Box 2) during this WCST analogue revealed that rule-specific information was maintained in both banks of the principal sulcus (PS) in the dorsolateral prefrontal cortex (DLPFC) [14] (Figure 2 ). Monkeys could perform the WCST even after bilateral anterior cingulate cortex (ACC) removal, whereas DLPFC removal impaired performance [15] . Lesioning of the ACC did not affect responses in the presence of heightened conflict, whereas lesioning of the PS did [15] . These findings by Tanaka's group contrast with human functional magnetic resonance imaging (fMRI) research: Carter and colleagues and many others [16, 17] find that the human ACC is activated by conflict and error monitoring. This demonstrates either that the human and monkey ACC are not functionally homologous, or alternatively, that the ACC in both species receives information related to conflict and error monitoring (and therefore is activated in an fMRI study), but does not have a direct role in mediating the behavior.
Everling and colleagues [18] [19] [20] [21] have also studied prefrontal neuronal activity using a WCST analogue (Figure 1b) . Monkeys performed either a saccade or an antisaccade task, and were required to switch between these two tasks in uncued blocks of 30 trials. This design helped the researchers, among other things, to study task maintenance. One of the central findings is that the PS and arcuate sulcus (AS) contained neurons that encoded which task was being performed [18] [19] [20] [21] . Furthermore, neurons in both the ACC and the DLPFC show different activity levels in the two different tasks (i.e. task encoding). Activity in the ACC was highest at the start of a block, just after a task change, whereas the activity in the DLPFC was constant across trials within the block [21] .
The WCST is an excellent paradigm for studying how feedback leads to changes in task strategy. In humans, the subject must not only detect when the task has changed but also must discern the new task rules. Monkeys, by contrast, learn all the task rules before the testing session. This simplifies the task, yet interpretation of neuronal activity is difficult for two reasons. First, multiple high-level cognitive processes are simultaneously active. Animals must represent the current task but also monitor, represent and respond to feedback. These processes can be difficult to separate. Second, the transition from one task to the other can be gradual as the animal slowly recognizes that the rules have changed (Box 3). These issues are ameliorated in a cued task-switching paradigm, in which the task rule is explicitly cued on each trial. Here, we review several such studies.
Wallis and Miller [22] developed a task-switching paradigm using two different rules, a match and a non-match rule (Figure 1c) . At the start of each trial, a cue informed monkeys about the rule required for the current trial. This cue consisted of both a specific background color and the presence or absence of a liquid reward. A sample image was presented simultaneously with the cue, followed by a delay and then a second image. In match-rule trials, a match between the two images required a lever-release. In the non-match rule trials, dissimilar images required a lever-release. In this task, rule-related activity (task representation) can be easily discerned from processes
Box 1. Definition of Executive Control Functions
There are alternative names for 'executive control functions' (ECFs): 'cognitive control' and 'executive control' are commonly used. We use 'executive control functions' to stress that there are multiple, quite different, functions. The choice of name is mostly due to following a laboratory or research group tradition -researchers using any of the alternative names seem all to refer to the complex of the following functions:
Flexibility: the capacity to switch attention between different tasks or between different objects. Goal setting: the capacity to set a goal. Planning, including initiation and sequencing: the capacity to determine a series of steps necessary to reach a goal. Inhibitory control: the capacity to suppress distracting or irrelevant information, thoughts and actions. Monitoring: the capacity to monitor whether actions result in their intended outcome. Adjustment: the capacity to adjust a course of action. This might be considered a combination of 'monitoring', 'planning' and 'flexibility'. Maintenance: short term maintenance of information related to the above functions; for example, goal setting implies that the brain can maintain the goal representation for a certain time.
Box 2. Invasive techniques used for the study of executive control functions in animals
Single and multiple neuron recording Fine wires are inserted into the brain and moved near (but not inside) particular neurons, such that voltage changes within the neurons (action potentials) can be recorded. Arrays of wires can be inserted to record from many neurons simultaneously, and single wires or arrays can be inserted at diverse locations to record simultaneously from more than one brain area. This method can identify neurons whose activity is correlated with particular actions or events (see Figure I for more information on the spatial and temporal resolution of this and other techniques).
Lesions Specific brain regions are lesioned in an invasive surgical procedure. This method can provide indirect evidence for the function of the lesioned tissue, but has practical and theoretical drawbacks. For example, behavior is typically tested only after recovery from the surgery, at which point adaptation could have occurred, masking or otherwise altering the effect of the lesion.
Reversible activation and inactivation
To obtain stronger evidence for the functional role of a particular region, neuronal activity can be briefly and rapidly enhanced or silenced by micro-injection of pharmacological agents. For example, baclofen and muscimol respectively inhibit and excite gammaaminobutyric acid (GABA A ) receptors, thereby increasing or decreasing local inhibitory circuits.
Neuronal microstimulation
Tiny (micro-ampere) electrical currents injected into the brain can induce neurons to produce action potentials, and the consequence of these action potentials can be observed. Like reversible inactivation, this method can help to distinguish causal from correlative activity.
Functional magnetic resonance brain imaging
Similar to functional imaging in humans, with similar advantages and limitations.
Systemic neuropharmacology
Systemic administration of neuropharacological agents allows for the testing of particular neuromodulators and neurotransmitters at a whole-brain level.
Localized neuropharmacology
Direct localized injections of neuromodulators and neurotransmitters can provide evidence for the function of those agents and their associated circuits in particular brain regions. related to task performance because early in trials using the same sample image the only difference between match and non-match trials is the rule that the animal plans to follow. Rule-encoding neurons were found in the dorsolateral, ventrolateral and orbital PFC. A subsequent study using the same paradigm found that rule-specific activity was represented earlier and even more strongly in the premotor cortex compared to the PFC [23, 24] . Thus, these studies provide the surprising suggestion that executive control originates in (or is functionally closer to) premotor cortex rather than PFC.
One of the accomplishments of the work of Miller's [22] [23] [24] laboratory is the sophisticated design that helps to distinguish between contributions of sensory and motor information on the one hand, and different activity levels in the two different tasks (i.e. task encoding) on the other hand. Earlier work using neuronal recording and reversible inactivation studies had shown that concrete task rules are represented in the frontal lobes [25] . Miller and colleagues [22] [23] [24] extend this by showing that the frontal lobes also represent abstract task rules.
A related paradigm was used by Stoet and Snyder [26] [27] [28] to study task representation (Figure 1d ). On each trial, a task cue informed the monkey to perform either a color discrimination task (i.e. is the stimulus red or green?), or a stimulus orientation task (i.e. is the line horizontally or vertically oriented?). Rather than being presented in blocks as in the WCST, the two trial types were randomly interleaved. Although difficult to train, this cued taskswitching paradigm had several positive features.
First, a delay separated the cue and the imperative stimulus, so that delay activity could unambiguously be attributed to cue representation. Second, multiple cues were used for each task, allowing visual responses to be distinguished from representations of the rule itself. Finally, each imperative stimulus had both a color and an orientation, so that in each trial animals could plan a response based on either task rule. In half of all trials, applying the incorrect rule would result in an incorrect response. Thus, one can study not only how different tasks are represented but also how conflicts between different potential responses are resolved.
We recorded from isolated neurons in posterior parietal cortex (PPC), especially in the lateral bank of the intraparietal sulcus and on the angular gyrus. A subset of PPC neurons responded selectively to cues for different task rules during the cue-stimulus interval [28] . We demonstrated that these neurons reflect the abstract rule and take part in the decision-making process, rather than merely representing a particular motor command [29] . Under some conditions, the PPC can encode decisions well in advance of a behavioral response [29] . We speculate that factors implemented downstream of the PPC might delay response execution [30] .
The shift-stay paradigm of Wise and colleagues [31] is a variant of a cued task-switching paradigm. In this design, the cue explicitly signaled whether the animal should switch to a new rule or reapply the previous rule. This study found that some DLPFC neurons represented only the current task rule, whereas others represented a combination of the task rule along with sensory and motoric aspects of the tasks. This was similar to the results of Stoet and colleagues, and indicates that neurons in DLPFC and PPC have similar properties with regard to task representation.
Neuronal correlates of cognitive flexibility
The previous discussions have focused on task representations. A second important facet of ECF is the ability to switch from one task to another (i.e. flexibility). A special case of this is switching from automatic to controlled behavior. Automatic behavior is routine behavior; controlled behavior is behavior that requires the overruling of a routine response. Exerting control to override automatic behavior is a key feature of ECF (Box 1). Switching between two controlled processes or between controlled and automatic processes can be studied using the WCST and other task-switching variants.
Hikosaka and colleagues [32] studied a simple case of switching using a saccade-overriding task. On each trial, monkeys were required to saccade to a peripheral stimulus that matched a central cue. The same central cue and
Box 3. Wisconsin Card Sorting Test and task-switching paradigms
The Wisconsin Card Sorting Test (WCST) was developed to measure flexibility of human thought [54] . Today, it is considered the ultimate test of ECFs [1] . Human participants sort a deck of 64 cards into two piles. Each card is marked with one to four instances of one of four symbols in one of four colors. Participants are not given explicit instructions about how to sort the cards. Instead, they receive the feedback 'right' or 'wrong' after placing each card in one of the two piles. The sorting rule is changed every ten trials without an explicit cue. Participants must use the error feedback to determine what rule to use and when to switch to a new rule.
By contrast, participants in a task-switching paradigm are trained in two different tasks, and then explicitly cued to switch between the two tasks.
The WCST taps into various fundamental properties of ECFs: the capacity to 'represent the current sorting rule', the capacity to 'monitor error feedback' and the capacity to 'change the course of action based on internal criteria'. Like the WCST, the task-switching paradigm requires 'representing the current rule', but it does not require that feedback be monitored or that this feedback be used to decide when to switch from one task to another. Instead, the taskswitching paradigm directly measures the ability to switch from one task to another on cue. In some implementations, participants are instructed to switch every two trials, which requires more internal control than when there is an explicit cue [36] ).
In monkey versions of both the WCST and task-switching paradigm, animals respond to visual stimuli according to previously learned task rules (but see Ref. [55] ). Each stimulus requires that one of two responses must be made (e.g. one of two buttons must be pressed), depending on a particular feature of the stimulus (e.g. its location, color or shape). A juice reward or lack thereof replaces verbal feedback in the WCST. In the WCST, monkeys typically perform long blocks of each task, making switch trials rare. In the task-switching paradigm, switch and non-switch trials are fully interleaved and equally likely.
Thus, the essential methodologic differences between the animal WCST and task-switching are whether task switches are implicitly or explicitly cued, and whether tasks are performed in blocks or fully interleaved. In the task-switching paradigm, errors made after the explicit switch cue primarily reflect either perseveration or confusion, or more broadly, cognitive inflexibility. In a WCST, a failure to switch rapidly after an error can reflect cognitive inflexibility, but it could also occur because the animal has not yet recognized that a change in the task has occurred.
Review
Trends in Cognitive Sciences Vol. 13 No.5 peripheral stimuli were presented for multiple consecutive trials, so that exactly the same saccade was performed many times in a row. At some point, a new cue was presented, requiring a change in the saccade. The saccade reaction time was increased on these switch trials. This increase is presumably the consequence of a switch from performing a repetitive, predictable behavior to a novel movement. One-third of neurons in the pre-supplemental motor area (pre-SMA) responded differently on successful switch trials compared to non-switch trials, and switchtrial performance improved when pre-SMA was microstimulated. These findings indicate that pre-SMA supports behavioral switching from a practiced behavioral response to a new response. Although the saccade-overriding task is designed to measure flexibility in switching between response patterns, it is limited in that one cannot use the paradigm to investigate the difficulties in (and neural mechanisms of) switching between abstract rules.
Schall and colleagues [33] pioneered another type of saccade-overriding task in monkeys. In the countermanding paradigm, animals were cued to make a saccade to a target, but on some trials were subsequently cued to cancel that saccade. Microstimulation of neurons in the supplementary eye fields (SEF, just lateral to pre-SMA) improved countermanding performance. This research demonstrates that SEF has a role in canceling inappropriate behavior, but because of the specificity of the paradigm we once again cannot generalize to a role in switching from one abstract task or rule representation to another.
Two recent studies have used the WCST to determine which neurons are involved in switching from one abstract task to another. As described earlier, Everling's [21] group [15] . Monkeys alternated between blocks of matching shape and blocks of matching color. Changes in task were not cued; monkeys used error feedback to switch between tasks. In high conflict trials (top two rows), knowledge of the task rule was necessary to perform the task; in low conflict trials either rule resulted in the same answer (bottom row). (b) Another WCST analogue [19] . Monkeys alternated between saccade and anti-saccade blocks. The '' character separates trials [also in panel (d)]. (c) A task-switching paradigm analogue [22] . One of two possible matching rules was cued on each trial: respond on match or respond on non-match. The task cue (screen color and presence or absence of a drop of liquid) was presented simultaneously with a sample image. Animals judged whether a second image was a match or non-match, and combined this information with the current rule to release or refrain from releasing a bar. (d) Another task-switching paradigm analog [28] . On each trial, the animal first viewed a task-cue, instructing it to respond to the color or orientation of the following stimulus. There were two distinct cues for each task, to distinguish sensory and task related signals. In the color task, red and green stimuli required a left or right button press, respectively; in the orientation task, vertical and horizontal lines required a left or right response, respectively. A delay period between the task cue and imperative stimulus allowed for the measurement of task-specific neuronal signals. 5 found that neurons in ACC represent rules most strongly immediately following a task switch, demonstrating that the ACC is specifically involved in switching. Nakahara and colleagues [34] also used the WCST in a monkey functional imaging study. They found switch-related activity in PFC, especially in the bilateral inferior sulcus, and concluded that this reflects an inhibitory process that suppresses the previous task representation. Switch related activity was also found in the inferior parietal lobule and the anterior insula. This study was of great interest because of the comparison of monkeys and humans performing a similar paradigm. Ventrolateral PFC seemed to be particularly relevant to cognitive switching in both species. Much of the work on task switching in humans focuses on the inferior frontal junction [35] and it seems that the same region subserves the same function in monkeys. The most important contrast in findings between the single unit recordings of Everling's group [21] and the brain imaging study of Nakahara and colleagues [34] was that the latter reported no switch-specific activity in the ACC in the monkey.
In the WCST, recognizing that a task switch has occurred is complex, and as a result, the moment at which a switch occurs is not always well-defined (Box 3). By contrast, the task-switching paradigm was specifically designed to measure task-switching and therefore employs an explicit task-switching cue [36] . Switch costs are measured by contrasting performance on trials in which subjects switch with trials in which subjects repeat the task of the preceding trial.
Using a task-switching paradigm, we found that monkeys, like humans, prepare tasks in advance [27] . Surprisingly, monkeys were more flexible than humans in their task-switching ability [26] (Box 4). Many studies have shown that switch costs occur in humans no matter how slowly the trials are paced. One might expect that, given enough time to prepare, switch costs would disappear. This is true in the monkey -switch costs appear with fast-paced trials, but go to zero at moderate pacing -but not in the human, where costs persist even with one second of preparation time [36] . Thus, monkeys, unlike humans, are capable of fully preparing a task switch in advance.
The increased flexibility of monkeys compared to humans is not a function of training. Even after tens of thousands of practice trials, adult humans still show switch costs [37] . Performance in the task-switching paradigm is disturbed by systemic injections of a N-methyl-Daspartate (NMDA) antagonist. Ketamine administration results in a reduced ability to focus on the task at hand, along with a modest increase in switch costs [38] . This pattern resembles what is observed with some neurological diseases such as schizophrenia [39] .
To summarize, monkeys do not show switch costs when task changes occur with high probability and are explicitly cued (task-switching paradigm). Under these conditions, we found representations of the current task but no correlates of task switching in the PPC. By contrast, when changes in the task are infrequent and must be recognized by monitoring the pattern of errors (WCST), switch costs are often present and switch-related activity is found in Task-switching anomaly Monkeys are better at task-switching paradigms than humans. If cognitive flexibility depends on frontal cortex, why would animals with a small frontal cortex be more flexible than humans? Perhaps large switch costs in humans compared to monkeys are a feature rather than a bug. Humans are somewhat resistant to distraction. Switch costs could represent the other side of this coin: a resistance to rapidly switching from one task to another [37] .
Distributed nature of ECFs
Task-rule representing cells have been found in multiple areas, even in areas typically not associated with ECFs. What does this tell us about the distributed nature of ECFs?
Contrasting findings
Some of the findings in monkey ECFs are inconsistent with each other or with human brain imaging results. In particular, what is the role of the ACC? Bilateral removal does not disrupt monkey performance of the WCST [15] and does not appear in monkey imaging [34] , yet the activity in the region does correlate with the timing of task switching [21] .
Development of task-representations
Neurons that represent the current task-rule are abundant in PFC, PMC and PPC. What are the roles of these populations when a new task is being learned? Long-term recording studies could answer these questions (e.g. with chronically implanted electrode arrays). both the parietal and prefrontal cortices [21, 32, 34] . It is likely that the switch related-activity seen in the WCST reflects the executive processes of monitoring error feedback and recognizing that a task switch has occurred. These processes are likely to be distributed across at least PPC and PFC.
Conclusions
We are just starting to understand the neurophysiology of ECF in the monkey. There is a strong emphasis on the frontal lobes in both modeling [40] and primate recording studies. For example, there are no single unit recordings from parietal areas using WCST analogues. Yet, both human and animal studies have shown that ECF as a group are not confined to the frontal lobe, but also occur in other parts of the brain, including the parietal cortex [28, 29, 34, [41] [42] [43] [44] [45] ). The next experimental challenge is to determine how ECF are subdivided, and which component functions are computed in PFC, which are computed in PPC and which are truly distributed across areas.
Currently, the relationship between neurons that represent task context, including task rules, in frontal and parietal areas is unknown. Certainly, the frontal lobes are important for executive functions, and it is possible that the frontal lobes cause the PPC to represent task context. Alternatively, cells that represent the current task in PPC might be driven directly by bottom-up (sensory) signals or from a combination of sensory signals and feedback from the frontal lobes. To address how these representations evolve during a trial, we must record single-unit activity during the performance of a rule-representation paradigm (e.g. a task-switching paradigm) in both the prefrontal and parietal lobes. This can be done using simultaneous recording, or by recording serially from one lobe at the time, but using exactly the same paradigm for both lobes. Simultaneous recording ensures that all variables, including the strategies of the animal, are held constant across areas. More importantly, simultaneous recording can reveal intra-areal timing relationships, which are crucial for understanding information flow.
Few monkey studies have addressed the role of neurotransmitters and neuromodulators in ECF. Many cases of disordered ECF (e.g. schizophrenia) are associated with disturbances of these systems [46] . There have been some studies using systemic injections of dopaminergic and glutaminergic neurotransmitters and one study of localized serotonin depletion [38, [47] [48] [49] [50] [51] [52] along with some neurocognitive modeling [5] , but this is clearly an area for future exploration.
We expect the greatest improvements in our understanding of the interplay between frontal and parietal areas from simultaneous recording in multiple areas [53] , and from recording from multiple areas using the same paradigm. Reversible inactivation of frontal [25] or parietal areas, especially in conjunction with simultaneous recording, could also help to map out the specific contributions of these areas. These techniques are all well developed, but the time required for animal training greatly constrains progress. Despite this constraint, we are optimistic that in the near future some of the most pressing questions regarding ECF will be answered (Box 4).
